Multiexciton Generation (MEG) enabled by the photogeneration of more than one electron-hole pairs upon the absorption of a single photon observed in colloidal semiconductor nanocrystals (NCs) is an essential key to high efficiency when operating in large enough photon energy regimes. Here, we report a newly designed class of solution-processed highly sensitive MEG-assisted photosensors of CdHgTe NCs, in which the charge accumulation is dramatically enhanced for photon energies greater than two times the bandgap of the employed NCs. We fabricated and comparatively studied five types of devices based on different NC monolayers of selected quantum-confined bandgaps resulting in different levels of photovoltage buildup readouts. Among these photosensitive platforms, MEG is distinctly observed for CdHgTe NCs, as the number of electrons trapped inside these NCs and the number of holes accumulating into the interfacing metal electrode were increased beyond a single exciton per absorbed photon. Furthermore, we conducted time-resolved fluorescence measurements and confirmed the occurrence of MEG in the CdHgTe NC monolayer of the photosensor. These findings pave the way for engineering of multiexciton kinetics in high-efficiency NC-based photosensors and photovoltaics.
Introduction
The creation of a single electron-hole pair per incident photon (single exciton generation) is a fundamental limit for optical absorption and photogeneration in the linear regime. In principle, high-energy photons can create hot excitons with excess energy above the band edge. However, this energy is commonly dissipated as heat through the electron-phonon coupling and subsequent phonon relaxation mechanisms. On the other hand, multiexciton generation (MEG) can exceed the limitation of single exciton generation upon the absorption of a single photon if this excess energy of the photogenerated hot exciton is used to excite a second electron across the bandgap [1] [2] [3] [4] [5] . Owing to the favorable excess energy utilization aspect of MEG, its usage in semiconductor nanocrystals (NCs) has particularly attracted significant interest to enhance the performance of solution-processed NCbased optoelectronic devices including photodetectors [6] [7] [8] and photovoltaic devices [9] [10] [11] [12] .
Energy conservation principle dictates that the incoming photon energy needs to be at least twice the bandgap energy of the absorbing material to generate biexcitons (BXs) from a single photon absorption event. Considering this phenomenon and the limited photonic energy of the sunlight spectrum, it is apparent that chemically synthesized NCs with a proper absorption spectrum may open new opportunities for optoelectronic applications [13] [14] [15] [16] [17] [18] . Therefore, as an important type of optoelectronic devices, NC-based photosensors utilizing the concept of MEG should include NCs with a bandgap in the near-infrared (NIR), which allows lower threshold energy for more efficient utilization of the sunlight [19] . To date, MEG has been investigated in variety of NCs [20] [21] [22] [23] [24] [25] [26] [27] [28] and extensively in lead chalcogenide NCs because of their large exciton Bohr radius in bulk and high degeneracy of the first excited state [29] [30] [31] [32] [33] . On the other hand, Cd x Hg 1 À x Te NCs can also be considered as a promising candidate for such studies since the composition adjustability brings another degree of freedom on the design of the electronic structure of NCs [28] . In addition, CdHgTe NCs do not have a long-term stability problem that Pb-based NCs commonly do. Furthermore, CdHgTe NCs can offer unique capabilities including bandgap tunability from visible to NIR region [34] , relatively high photoluminescence quantum yields [35] , and ease of their colloidal synthesis at low cost and ease of integration on various substrates using dip coating method to form closepacked monolayer semiconducting films [19, [36] [37] [38] , To this end, in this work we investigated the MEG concept in CdHgTe NC platforms, in which the photovoltage buildup of these NCs has been employed. To monitor MEG, photosensitive nanocrystal skin (PNS) devices made of colloidal NC monolayers were fabricated and systematically studied. These light-sensitive NC platforms are promising for photosensing because of their simple and efficient operation on the basis of photogenerated potential buildup across a single NC monolayer without requiring any external bias subject to the close interaction between these NCs and the interfacing metal contact. Device operation is explained in detail in our earlier works using visible-range CdTe NCs operating with single exciton generation [39, 40] .
Here, we show significant voltage buildup enhancement via MEG because of the increase in electron-hole pair generation and resultant charge accumulation in the CdHgTe NC layer of the PNS. Through the MEG phenomenon in the fabricated PNS devices, a larger number of electrons are trapped inside the NCs while a larger number of holes accumulating at the metal contact. For a comparative study, we fabricated five types of devices with photovoltage readout, using different types of NCs. First, two differentsized CdHgTe NCs with favorable bandgaps possibly allowing for MEG were synthesized and integrated into the PNS platforms for the investigation of sensitivity enhancement via MEG in active device environment. Second, we used the PNS devices hybridized with three different-sized CdTe NCs as the control samples, in which MEG cannot possibly occur in the operating range due to the improper bandgap of these NCs.
Experimental section

Device fabrication and characterization
ITO film deposited on a glass substrate was washed in a solution of 2 mL Hellmanex in 100 mL Milli-Q water for 20 min using ultrasonication, followed by 20 min in water, 20 min in acetone and 20 min in isopropanol. Following, 50 nm thick HfO 2 dielectric film was deposited using ALD. Subsequently, in order to deposit NCs, we used layer-by-layer self-assembly with a computerized system. Lastly, a 100 nm Al contact layer was laid down on top of NCs monolayers via a thermal evaporator. We performed all electrical and optical characterizations using Agilent Technologies B1500A semiconductor parameter analyzer without applying any external bias. A Xenon lamp with a monochromator was used as a light source. In order to determine the illumination intensity, a Newport 1835C multi-function optical power meter was employed. During the measurements, samples were grounded from ITO side and connected with a load resistance of 200 MΩ to the both sides of the ITO and Al contacts.
Layer-by-layer assembly
The layer-by-layer assembly relies on alternating adsorption of positively (PDDA) and negatively (PSS) charged polyelectrolyte pairs. The concentrations of these polyelectrolytes were 2 mg/mL in 0.1 M NaCl solution. The cycling procedure was adjusted as follows: dipping of HfO 2 -coated substrate into a PDDA solution for 5 min, followed by washing it with water for 1 min, next dipping it into a solution of PSS for 5 min, and washing it with water for 1 min. This procedure was continued until four bilayers of PDDA and PSS composite were obtained. Finally, after deposition of one extra layer of PPDA, sample dipped into the CdTe NCs solution for 20 min and rinsed with water again for 1 min.
Time-resolved fluorescence measurements
The decay curves were fitted using one and two exponential decays (χ 2 -1) that led to the best χ 2 values and the excited-state lifetimes for the samples were calculated via amplitude-averaging. TRF experiments were conducted using Horiba Jobin Yvon TCSPC setup (FL 1057) with pulsed excitation, variable-wavelength LED sources. In the TRF measurements, concentration of the CdHgTe NC samples was kept at minimum within the experimentally feasible region in order to avoid nonradiative energy transfer among the NCs in the ensemble. The dispersion samples were vigorously stirred during measurements to avoid photocharging of the NCs which may cause misleading Auger Recombination signatures in the decay curves.
Synthesis of nanocrystals
All the chemicals used were of analytical grade or of the highest purity available. All the solutions were prepared using Milli-Q water (Millipore) as a solvent. In order to synthesize CdTe NCs, 4.59 g of Cd(ClO 4 ) 2 Â 6H 2 O was dissolved in 500 mL of Milli-Q water followed by addition of 1.33 g of thioglycolic acid (TGA) and adjustment of the pH to 11.8-12.0. After that, we introduced H 2 Te gas by reacting 0.8 g Al 2 Te 3 with H 2 SO 4 with a slow Ar flow using a setup shown in Lesnyak et al. [38] . At 100°C, the nucleation and growth of the NCs was initiated. The reaction mixture was boiled under reflux until reaching a desired NC size. Afterwards, the NCs were precipitated by concentration of the reaction mixture on a rotor evaporator (evaporating approx. 90% of water) followed by addition of 2-3 mL of isopropanol (as a non-solvent) with subsequent centrifugation of the resulting turbid mixture, and then the precipitated NCs were redissolved in 5-10 mL of Milli-Q water. Cd x Hg 1 À x Te NCs proceeded upon ambient conditions. After cooling the NC solutions to room temperature, they were purified in the same way as CdTe NC colloids.
Results and discussion
The goal is to use the excess energy of a high-energy photon to generate an extra electron-hole pair via MEG in a NC, thus increasing the resulting efficiency at the device level at the next stage [6, 41] . To reveal this phenomenon, time-resolved fluorescence (TRF) spectroscopy is preferred and extensively used as a powerful technique for a detailed analysis of multiexciton recombination dynamics in NCs. Excitation photon energy threshold for the MEG process is calculated using the relation
th e h g , where m e and m h are the effective masses of electron and hole, respectively, and E g is the bandgap energy of the light absorbing material [1, 42, 43] . According to this expression, MEG threshold should be higher than twice the bandgap energy of (bandgap of 1.54 eV) and 840 nm (bandgap of 1.48 eV). Subsequently, the MEG thresholds expected in our experiments with these NCs are about 3.08 and 2.96 eV, respectively. Fig. 1 demonstrates the photoluminescence and optical absorption spectra of these NCs. Transition electron microscopy images of these NCs are also presented in Fig. S1 . BXs generated in CdHgTe NCs as a result of the MEG process are expected to decay nonradiatively via Auger recombination (AR), which has a lifetime that is two to three orders of magnitude shorter than that of the radiative recombination in these NCs. Therefore, the presence of this very fast AR decay term in the global decay of NCs is to be considered as a signature of any MEG event, which is the case for many reports in the literature [44] [45] [46] [47] . It is very critical to note that BXs are not the only ones that recombine via AR, as trions can also recombine through AR. This can cause a false MEG signature in the TRF decays obtained from the optical measurements. In this study, we vigorously stirred the NC colloid during the measurements to avoid photocharging, and hence the generation of trions. We observed that the same TRF decays appeared which means that the photocharging effect was not a significant issue for our results.
To verify the existence of MEG, we conducted TRF measurements under various excitation photon energies as provided in Fig. 2 . In order to avoid generation of BXs by multiple photon absorption events and ensure that the generated BXs are only from single photon absorption events, we kept the excitation intensity as low as possible during the experiments. The emergence of the very short lifetime component due to the multiexciton recombination process for the cases with sufficient photon energies is not so obvious in Fig. 2(a) and (c) . A closer look at the first 30 ns part of the decays in Fig. 2(b) and (d) clearly reveals the existence of fast decay term for the excitation photon energy of 3.18 eV. The fast decay term is not observed for the case with the excitation photon energy of 2.82 eV as expected because the MEG threshold value, 2.96 eV, is greater than the photon energy. This consistency between MEG threshold expectation and the experimental photon energy threshold for the fast decay peak suggests that this fast decay component results from the MEG of CdHgTe NCs.
Recombination lifetimes extracted from the TRF curves are presented in Table 1 . An important point that should be noted is that the pulse widths of the excitation sources are 1.3-1.4 ns while the fast decay lifetime that we attribute to AR is expected to be on the order of hundreds of picoseconds. As a result, the wide pulse of the excitation LED smears out the fast decay component. To extract the lifetime of the fast decay component and make reliable conclusions, TRF decays were fitted using the reconvolution mode of the fitting program (FluoFit-PicoQuant). It was observed that for all the excitation photon energy cases the lifetime values of the slow and fast decay processes are similar, which are $ 104 ns, and $ 116 ps, respectively. Here, the long-lifetime decay term belongs to single exciton recombination in the NCs and the short lifetime can be attributed to the AR of the BXs created in the NCs. The AR lifetime of the BXs turned out to be sub-nanosecond as expected. Also, the amplitude weight of the fast decay component, A 2 , with respect to the coefficient of slow decay component, A 1 , is larger for the photon energy of 3.18 eV while it is smaller for the photon energy of 2.82 eV. This means that the increase in photon energy also increases the MEG probability as would be intuitively expected.
Afterwards, the PNS devices were fabricated for proof-of-concept demonstration of the MEG concept in an active photosensor platform. For this purpose, 50 nm thick highly dielectric HfO 2 was deposited on top of indium tin oxide (ITO) substrate via atomic layer deposition (ALD) over 1 cm Â 0.75 cm active area. With the help of water pulses used in ALD, a hydrophilic surface was preferentially formed, which helps to improve the quality of dipcoated NC film on top of it. Subsequently, in order to deposit highly close-packed monolayer of CdHgTe NCs on the substrate, poly (diallyldimethylammonium chloride) (PDDA) and poly (sodium 4-styrenesulfonate) (PSS) bilayers were deposited in an alternating fashion to build four bilayers using layer-by-layer assembly [48] . Finally, Al contact was laid down on top of the NC monolayer by using thermal evaporator in a vacuum environment. After the device fabrication, voltage-time (V-t) measurements were performed to characterize the device without applying any external bias. During these measurements, samples were grounded from the ITO contact and connected in series with a load resistance of 200 MΩ.
Device architecture and band diagram of the proposed device structure are shown in Fig. 3 . The light incident on the device leads to electron-hole pairs generation. Because of the work functions of the NCs monolayer and Al layer [49] , holes accumulate at the Al contact, generating a positive potential buildup whereas most of the electrons remain inside the NCs due to the blockage by HfO 2 layer. The amount of positive charge accumulation at the metal contact and negative internal voltage buildup are directly related to the number of photogenerated holes and electrons [50] , After reaching the peak point in the voltage buildup, the incident light is switched off and the voltage buildup is diminished. After a certain short period of time, the potential buildup goes negative due to the trapped electrons inside the NCs, which also decays in time, and the device finally recovers back to its initial state.
To measure the effect of MEG on photosensing performance, PNSs were illuminated with Xenon lamp light source with a monochromator as a tunable-wavelength source. During the voltage buildup measurements, the number of absorbed photons impinging on the device at each wavelength was adjusted keeping in mind the absorbance of NCs and photon energy at the corresponding wavelength. Consequently, in each device, the number of absorbed photons was set to be identical throughout the measured wavelengths. As it can be seen, the voltage buildup graphs of CdHgTe NCs shown in Fig. 4(a) and (b) reveal no change, approximately remaining constant, up to the MEG threshold value. However, for energies larger than the MEG threshold value, 2.96 eV and 3.08 eV, the voltage buildup rises sharply. Evidently, at the excitation wavelength of 350 nm, the output voltage corresponding to longer wavelengths where MEG does not occur is enhanced by $ 3.57 folds for the CdHgTe NCs with the first exciton peak at around 845 nm and similarly $ 3.74 folds enhancement for the one with the first exciton peak at around 805 nm, see Fig. 4(c) . Observation of this high photovoltage buildup of the device indicates that there is a significant enhancement in the charge generation and subsequent hole accumulation processes for photon energies greater than the MEG threshold.
For comparison purposes, we also fabricated PNS devices using monolayer CdTe NCs having large enough bandgap energy that prevents MEG. To this end, we conducted the voltage buildup measurements with different-sized CdTe NCs, which are extensively used as common quantum confined nanostructures in the visible range in the literature [51] [52] [53] . We used CdTe NCs with the diameters of 2.9, 3.19 and 3.71 nm (calculated from their extinction spectra [54, 55] ) leading to the first excitonic peak wavelengths of 525, 545 and 605 nm, respectively. The photoluminescence and absorption spectra of the CdTe NCs with various sizes are depicted in Fig. 5 as the control group of this study.
Accordingly, none of these CdTe NCs based devices showed any significant increase in the photovoltage buildup or sensitivity at any photon energy, see Fig. 6 . Indeed, voltage buildups remain constant from longer wavelengths to shorter ones because of improper bandgap energy of CdTe NCs for the MEG. Furthermore, it can be easily seen that larger NCs have higher voltage buildup. The first possible reason for that is the quantum confinement. Larger NCs have larger number of states available, which result in higher optical absorption and thus higher voltage buildup. Secondly, small-sized NCs generally have a larger number of trap states than large-sized NCs, which hinder the migration of photogenerated positive charges [56, 57] . Subsequently, the devices with the larger CdTe NCs show better performance and operate at longer wavelengths as it can be clearly seen from Fig. 6 yet with no enhancement (i.e., unity enhancement factor) given in Fig. 6 (d) unlike the MEG assisted PNS devices of CdHgTe shown in Fig. 4 .
Conclusion
In this study, for the first time, we showed MEG-assisted enhancement in a photosensing device using aqueous CdHgTe NCs with the bandgap in the near-infrared region. Significant MEG evidence was revealed in the PNS devices with two different-sized CdHgTe NCs utilizing the enhancement of electrons trapped inside the NCs and the holes migrating into the metal contact per each absorbed photon above the MEG threshold levels. As the further experimental confirmation, we studied the voltage buildup of three different-sized CdTe NCs in control devices. As it was expected, due to the improper bandgap of CdTe NCs for MEG, voltage buildup profile with no enhancement was observed through the operating wavelength range of the device, which indicates the absence of MEG. These findings indicate significant implications for the future colloidal photosensor designs leading to a new generation of highly light-sensitive devices.
